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ABSTRACT /{b }S 4’1

Analytical studies and experimental measurements were
made which resulted in the conclusion that rhodium and rhe-
nium are better Eesium—ionizer materials than tungsten for
surface ionization engines. Other materials evaluated were
iridium, tantalum, 747 tungsten-267% rhenium and 10% tung-
sten-907 tantalum. The conclusion was primarily based on
an evaluation of critical temperature, work function and
ionization efficiency. Also measured were atom and ion
lifetimes and atom and ion desorption energies. A recom-
mendation is made that gas contamination be the subject of
future studies if the advantage of low critical temperature,

such as that possessed by rhodium, is to be utilized.
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SUMMARY

An atomic cesium beam was used to study surface ionization on
iridium, rhenium, rhodium, tantalum, tungsten, 10 percent tungsten-90
percent tantalum, and 74 percent tungsten-26 percent rhenium wires
under vacuums of 10‘-9 torr and lower. The present program was moti-
vated by a need to find materials superior in performance to that of
tungsten for the surface ionization source in an ion engine.

Parameters evaluated were vacuum electron work functions, criti-
cal temperatures, atom and ion lifetimes, atom and ion desorption
energies, and ionization efficiency. In the following summary of
results, the more desirable materials are given first. The most im-
portant parameters for surface ionization engines are critical tempera-
ture and neutral fraction. The study indicated the order of increasing

critical temperature to be
Ir < Rh < Re, W < alloys < Ta
and the order of decreasing work function to be
Rh > Re > W> W-Re > W-Ta > Ir > Ta

When ordered as to decreasing ionization efficiency (increasing neutral

fraction),
Re > W > alloys > Rh > Ir » Ta

Both rhodium and rhenium have better surface ionization charac-
teristics for ionizers than tungsten does. Attention is called to
rhodium because of its low critical temperature (7400K). However, we
believe rhodium is more susceptible to gas contamination, and recommend
that'gas contamination on cesium surface ionization, particularly with

rhodium, be a subject for future study.
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1. INTRODUCTION

This is a summary report of an experimental and analytical study
of cesium surface ionization conducted for the National Aeronautics
and Space Administration by Electro-Optical Systems, Inc. The program,
conducted from 24 January 1964 to 30 September 1964 under contract
NAS3-5244, was motivated by a need to find materials superior in per-
formance over that of tungsten for the ionization source of a surface
ionization engine. This work was one aspect of a more general program
pertaining to cesium surface ionization and the effect of gas contami-
nation to the processt’®

An atomic beam technique was used to study cesium surface ioniza-
tion on the following materials: iridium, rhenium, rhodium, tantalum,
tungsten, 10 percent tungsten-90 percent tantalum, and 74 percent
tungsten-26 percent rhenium. Before the admission of cesium to the
system, vacuum work function measurements were taken. Ionization
measurements used several different methods. Some of the ionization
efficiencies were measured in a manner similar to that of Datz and
Taylor in their work with alkali beams on platinum and tungsten®
Other ionization efficiencies were obtained by alternating the ion
collecting field as did Starodubtsev? Atom and ion lifetimes and
atom and ion desorption energies were obtained both by the alter-
nating field method, as used by Evans® and refined by Starodubtsev*,
and by the modulated beam technique employed by Hughes and Levinstein
in their work with rubidium on tungstenﬁ Critical temperature meas-—

urements were made using a steady beam, since one of the incidental

.objectives of the present program was to evaluate the beam technique

for such high~coverage phenomena.
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2. APPARATUS

The cesium beam apparatus, shown in Fig. 1, housed two samples
and one tungsten standard in vacuum. A small oven (Fig. 1) supplied
a beam of cesium vapor to the samples. The beam was collimated to
strike each of the three filaments with the same flux intensity except
for a small angular distribution factor. Cesium atoms ionized on the
wire surface were drawn, under the influence of a 22-1/2 volt poten-
tial, to either the cylindrical collector or guard surrounding the
wire. This battery-supplied voltage was sufficient to collect the
ions in the emission-limited mode. The guard insured a radial elec-
tric field between collector and filament so that the collector inter-
cepted only ions desorbing from a = 0.04142 cm2 of area on the filament.
From the collector, connection was made to either a Keithley 600A
Electrometer, a Tektronix oscilloscope with a Type D preamplifier, or
a Varian Model F-80 X-Y recorder, depending on the sensitivity and time
respcense required. Both guard and vacuum chamber were maintained at
ground potential. The voltage of the collector was determined by the
voltage across the input resistor of the measuring instrument, generally
a fraction of a volt positive with respect to ground. Power to the
filaments was supplied by regulated power supplies. Filament voltage
and current were monitored with 1/4 percent Greibach meters.

The vacuum chamber, which could be baked to speed outgassing, was
constructed of stainless steel with metallically sealed glass view
ports. It was evacuated by a 4-inch National Research Corporation
Model HS4-750 diffusion pump through a special anti-oil-creep, opti-
cally dense bakeable liquid nitrogen trap. The preparation and pump-
down procedure described in Appendix A is sufficient to reach a base
vacuum of 4 x 10—lO torr consistently. The diffusion pump was in

turn evacuated through a refrigerated foreline trap by a Welch Duoseal
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425 2/min. mechanical pump. Vacuum was indicated by a NRC 551A-P ion
gage located between the vacuum chamber and the liquid nitrogen trap.
The actual vacuum in the chamber is probably a factor of 2 or so higher
than indicated by the gage. Composition of the residual background

gas was monitored by a glass-enclosed General Electric Residual Gas
Analyzer mounted at one side of the vacuum chamber. Mass spectra ob-

tained are discussed in Appendix B.
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3. ANALYSIS

3.1 Vacuum Electron Work Function

When a metal is at temperature T, the current density of
electrons leaving the metal is given by the Richardson-Dushman equa-

tion7

S
J o= A% e T (1)
*k k%
A is the Richardson constant and @ is the Richardson work function
*%
for polycrystalline materials. If A is set equal to 120 amps/cmz—

2 ok
deg”, the value for an idealized metal, the ¥ becomes the effective

*k
work function we. Consequently ®  and we are related by’
I 120
Ye T P TS0z 19810 w @)

Use of this relation will be made later.

We evaluated @** and A** for each material by plotting
logloJ/T2 versus lOA/T. The value of J was obtained by dividing the
electron collector current by the area a. The true temperature T in
degrees Kelvin was obtained from optical pyrometer readings of the
brightness temperature of the sample, corrected for emissivity as
described in Appendix C.

For the iridium, rhodium, tungsten and alloy samples the
possibility of contamination due to residual background gas at sample
temperatures below about 1800k was minimized by flashing the filament
to 1800°K before each electron emission reading and by maintaining the

vacuum in the 10-10 torr range for the majority of the readings.
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These precautions did not seem to be necessary for rhenium or

tantalum. In the absence of contamination the points of the logloJ/T2

plot versus 104/T plot, according to Eq. 1 lie in a straight line, the

sk
slope of which multiplied by 1.984 is ® and with an ordinate inter-

k%
cept of log10 A

All the samples had straight line plots similar

. . *k *%
to those for tantalum. (See Fig. 2.) The corresponding ¥ and A

for each plot is given in Table 1.

TABLE 1
VACUUM THERMIONIC CONSTANTS
% Fok
@* A 2 2
Material Reference Configuration (eV) (amps/cm —deg”)

Iridium Present Work Wire 4.22 £ 0.11 94
Ref 8 Ribbon 5.40 170
Ref 9 Wire 5.3 100

Rhenium Present Work Wire 4.78 £ 0.13 47%
Ref 10 Wire 4.72 17
Ref 11 Wire 4.74 720
Ref 12 Ribbon 5.09 760
Rhodium Present Work Wire 4.89 £ 0.13 41
Ref 9 Wire 4.9 100
Ref 13 Ribbon 4.8 33

Tantalum Present Work Wire 4.12 £ 0.11 35%
Ref 14 Wire 19 55
Tungsten Present Work Wire 4.71 £ 0.13 148
Ref 15 Wire 4.52 72
10% W-90% Ta  Present Work Wire 4.34 £ 0.12 360
74% W-26% Re  Present Work Wire 4.52 £ 0.12 65

*The value reported in EOS Report 4761-ML-2 was a
ecomputed value supersedes that reported in EOS

4761-Final
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These electron emission measurements were taken prior to the
admission of cesium into the vacuum system. Before taking the data the
filaments were aged for a period of 1 to 5 hours at a maximum tempera-
ture that did not result in permanent elongation of the wires. The
resistance and electron emission were monitored during aging to de-
termine when a stable condition had been reached.

Equation 1 is valid only under emission-limited conditions;
consequently, the filament was biased 500 volts negative with respect
to the collector for the electron emission data. The current-voltage
characteristic was flat at this voltage for all currents encountered.

The work function error shown in Table 1 is a systematic
error, reflecting the inaccuracies of the instruments and the uncer-
tainties in the emissivity calibration as discussed in Appendix D.

All our results have been obtained by fitting the points to a straight
line using the method of least squares. 1In every case in which the
random error was computed, it was found to be less than the systematic
error, For example, the random error for the rhenium specimen was

AP = * 0.04 eV as compared with the above systematic error Am** =

"+ 0.10 eV. The systematic error in A** is estimated to be on the
order of A** itself, hence is not listed in Table 1.

Generally we found the random error for a given filément to
be small, yet another filament made from the same lot of wire and
aged until stable, though of course in not exactly the same way, might
give different results. For example, another rhenium filament yielded
5.15 eV and 760 amps/cmz-deg2.2 In the case of tungsten the difference
was not as striking. Three other tungsten filaments yielded 4.72 eV
and 66 amps/cmz-degzz, 4.57 eV and 52 amps/cmz-degz, and 4.69 eV and
100 amps/cmz-deg2 in the present progran.

The corresponding effective work function values of the

Richardson work function values reported in Table 1 are calculated by

Eq. 2 to be those of Table 2, in anticipation of their need in Section
3.6.
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TABLE 2
EFFECTIVE WORK FUNCTION AT 1000°K

~
¥

Material (es)
Iridium 4.24
Rhenium 4.86
Rhodium 4.98
Tantalum 4.23
Tungsten 4.69
10% wW-90% Ta 4.25
74% W-267% Re 4.57

3.2 Critical Temperature

The temperature at which the ion emission decreases rapidly
from an emission-limited plateau as the sample temperature is lowered
is called the lower critical temperature, while the temperature at
which ion emission increases rapidly to the emission-limited plateau
as the sample temperature is raised is called the upper critical tem-
perature. Experiments having cesium vapor in thermal equilibrium with
the chamber walls have a transition from the nonemission to the emis-
sion state that is nearly discontinuous:® In the present experiment
where the coverage is not necessarily uniform the transition is more
gradual. A typical case is shown in Fig. 3. Consequently we speci-
fied in our analysis, the lower critical temperature to be that tem-

perature at which the ion current has dropped to 90 percent of its

plateau value and the upper critical temperature to be that tempera-

ture at which the ion current has reached 10 percent of its plateau
value. However, we were unable to assign separate values for upper

and lower critical temperatures because of the scatter in the data;

consequently, Table 3 reports only one approximate critical tempera-

ture for each sample.

4761-Final 9
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TABLE 3
CESIUM CRITICAL TEMPERATURES

Material Atom Flux K, Critical Temperature
(atoms/cmz-sec) °x)
Iridium 1010_1013 660 = 30
Rhenium 108 -1011 800 = 100
Rhodium 101t101? 740 = 30
Tantalum 108 101! 850 £ 30
Tungsten 10° -10%° 800 60
10% W-90% Ta 10° 10! 810 = 50
747 W-267% Re 10° 10t 810 £ 40

The uncertainty in the critical temperature is the average
deviation of a number of points from their mean. Within each range of
b (the incident cesium atom flux) given in Table 3, the scatter was
such that we were unable to evaluate a dependence of critical tempera-
ture on “a‘

It was found that the lower critical temperature was repro-
ducible within the scatter of the data, independent of the rate of
temperature decrease for slow rates. However, the upper critical
temperature was found to be dependent on the rate of temperature in-
crease, even though the rate was quite slow. Furthermore, the upper
critical temperature could be made to approach the lower critical tem-
perature by increasing the temperature very slowly, of the order of
3 deg/min. Since no further investigations were made of this time
dependence, the upper critical temperature that contributed to the

values of Table 3 were obtained in the last manner.
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3.3 Ion Desorption Time and Energy

When cesium atoms strike a hot metal surface, they do not
reevaporate immediately, but spend a finite time on the surface before
coming off as cesium ions. As a consequence of this, when a square
pulse of cesium atoms is directed to a hot metal surface, the result-
ing ion signal rises and then decays exponentially. For high work
function surfaces, the time constant of the rise or decay is the ion
desorption time TP. This phenomena affects contact ion engine effi-
ciency for it is related directly to the energy required to desorb
ions from a surface. The nature of this relationship is discussed in
Section 3.3.3.

Quantitatively the sorption process can be described in terms
of a change in the surface coverage O being equal to an incoming flux

4 less the outgoing flux V of atoms and ions'®, i.e.,

do

— = - V -V
< by (3)

a P

The subscript a and p denote atoms and ions, respectively. Equation 3
is a very general formulation for the rate of change of the coverage O,
which is expressed in atoms per unit surface area. 1In this experiment
the flux of ions onto the wire is negligible, hence up will always be
zero. Furthermore when the coverage is less than 1012 atoms/cmz,

Va and Vp are approximately

g c
v, = T oamd Vo= (4, 5)

where Ta and Tp are independent of 0. Since in a beam experiment the
coverage might vary with position, coverage, rigorously, should be
regarded as averaged. Thus, to solve Eq. 3 one only needs to know
the behavior in time of the incident atom flux (ua). We anticipate

the results by stating that the coverage 0 and, therefore, the measured

4761~Final 12




ion current will have an exponential time dependence whose character-

istic time constant T is the ion desorption time. The ana%ysis, which
P 7

follows a treatment by Worden using differential equationms, will be

carried through for two different methods of varying vy to obtain Tp'

3.3.1 Desorption Time by Modulated Beam Method

When actuated by a magnetic coil, a shutter positioned
between the filaments and the atomic cesium oven allows a nearly
square pulse of cesium atoms to strike the filaments.® 1In the following
analysis, it is shown that the resulting ion signal from the filament
is a rising expomential followed by a decaying exponential whose
characteristic time is called the ion desorption time v (Fig. 4).

Let “: represent the incident atomic glux due to
background cesium and pi be the incident atomic flux due to the cesium

oven; then Eq. 3 with the shutter open becomes

—.+lo=u‘ +Lf- (6)
T a a

When the shutter is closed, Eq. 3 is

do 1 b (7)

=+ =0 =

dt T Ll'a *

We have written

1 1 1

—=-—+—.

T T T (8
a p

The corresponding solutions are

b -t/T

_t/T) +0 e (9)

b
O=T(ua+uz)(1-e

4761-Final 13
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t. /T
b b B -t/r (10
o=ru, 400 -1 @, tu) vTHe ] et (0

where t, is the time base of the square pulse of cesium atoms from

B
the oven measured from the time at which the shutter was opened
(t = 0)-

The ion and atom fluxes are related by the Saha-

Langmuir equation18
v ¢ - V.)/KT
I U A Y (11)
v w
a a

where p is the work function, T is the temperature of the surface,
Vi is the ionization potential of the adsorbed atoms, and w, and w
are the statistical weights of the atom and ion, respectively.
When - = Vi in Eq. 11, as for cesium on tungsten, vp > v, 0orT
<< 1,5 We may set 1 equal to Tp in the exponential of Eqs. 9 and
10. The error in doing so is less than the experimental error
in measuring T.

The observed collector current Ip is related to

the coverage 0 by

= A = ek ; 12
IP ev, e /Tp (12)

hence, during the time the shutter is open,

b s -t/'rp
=1 +1 (1 - s t<t 13
I, o p( e ) o B (13)
and during the time the shutter is closed
t. /T -t/
Ip=Ib+Is(eBp-1)e Pgst (14)
4761-Final 15



Ib is the ion current from the sample due to the background cesium
and I; is the steady ion current from the sample due to the oven.
To write the currents in this form we made use of B = % and then
vy T Bua- . P

The background cesium Ip is seen to contribute to
the total ion signal by a constant amount as one might expect. The
ion signal due to the oven is seen to have an exponential behavior
whose time constant o is the desired ion desorption time at a
given surface temperature.

Accuracy in the determination of Tp suffers when the

background contribution Iz is comparable to the oven contribution I:
because of fluctuations in IE. When this is the case, better results

are obtained using the alternating field technique which yields not

only Tp but also B.

3.3.2 Desorption Time by Alternating Field Method

No shutter is used; instead, in this method, the tran-

sient phenomenon is obtained by alternating the polarity between the
collector and the sample surface."’> When the collector is positive with
respect to the sample, no positive ions can leave the sample and the
coverage is higher than if the polarity were reversed. When the polarity
is reversed positive ions can leave the filament surface; therefore,
Up immediately rises to a value corresponding to the coverage 0 just
before the polarity was reversed. However, because ions now are
being desorbed, the coverage 0 decreases. Fig. 5 shows this behavior
in terms of collector current signal. It is not necessary that the
coverage reach a steady state value before switching the field to
determine T

The coverage during the ion collecting part of the

cycle is described by

(15)

4761-Final 16
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while during the ion repelling portion the coverage is

do 1
_+—G=l
T

dt (16)
a

a

where as before 1 is defined by Eq. 8. One does not need to dis-
criminate here between atomic cesium background and incident atomic

cesium fluxes. The respective solutions are

- t/t

_ a(0) _ ] B
p
and
-(e-tp)/ T,
G=uaTa+[o(B)—uaTa]e R tBSt. (18)

0(0) is the coverage at the time at which the field is switched to ion
collecting and o(B) is the coverage at the time t; at which the field
is switched back to ion repelling. If tB is long enough to establish
a steady state coverage, then by approximating T by TP for the same
reasons listed in Section 3.3.1, and using Eq. 12 again, the ob-
served collector current is

't/Tp
I, =10+ [IP(O) - IP(B)] e . (19)

p
Thus, when the field is switched to ion collecting, the ion signal
rises almost instantaneously and then decays exponentially to a
steady state current Ip (») with a characteristic time Tp when dis-

played on an oscilloscope.

3.3.3 1Ion Desorption Energies

Having obtained the ion desorption time Tp as a func-

tion of temperature, one can then evaluate the ion desorption energy

Qp’ which an ion must acquire before it can escape from the metal

4761-Final 18




surface. According to reaction rate theory the desorption time Tp is

described by

T =1 e (20)

where Tpo is a constazt, independent of the temperature T. Thus a plot
of log10 Tp versus 10 /T would result in a straight line whose slope
times 1.9814 is Qp and whose intercept is the logarithm of Tpo. This
is indeed the case as Figs. 6 and 7 illustrate. The points began to
deviate from the straight line abscissa values below IOOOOK as the

ion desorption time becomes comparable to the electronic circuit time

constant, which is between 0.4 and 0.9 millisec, depending on the

filament used.

3.3.4 Results

The majority of the ion desorption times was obtained
by the Alternating Field Method; however, some data were obtained by
the Modulated Beam Method. The procedure in using the Alternating
Field Method was to accumulate for a time sufficient to reach a
steady state coverage before reversing the field to obtain the I°
signal. Ion desorption times for iridium, rhodium, tungsten and
10 percent W-90 percent Ta were obtained in this manner, except for
the top two circled points of the last alloy (Fig. 8) where the fila-
ment had to be flashed to 1600°K before accumulating, in order to
obtain exponential decay curves. Ion desorption times obtained by
the Modulated Beam Method yielded results which were consistent with
the Alternating Field Method.

When the Alternating Field Method was applied to the
74 percent W-26 percent Re sample, nonexponential decay curves were
observed unless the filament was first flashed to 1800°K before
accumulating. In attempting to evaluate the accumulation time re-

quired for a steady state coverage to be reached, we found that the
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IO signal at first increases with accumulation time and then levels

out, the ion desorption time remaining constant. However, at longer
accumulations times the IO signal begins to decrease and the ion de-
sorption time begins to increase. It was as if one were seeing a con-
tamination layer with a long desorption time building up on the surface.
As pointed out in Section 3.3.2, it 1is not necessary to reach a steady
cesium coverage in the ion repelling mode for desorption time measure-
ments. Consequently, the accumulation time for this alloy was fixed as
2 minutes which is short compared to the time, 15 minutes, when the
contamination effect began to become important.

After observing this decrease in Io with long accumu-
lation times, we examined tungsten and the 10 percent W-90 percent Ta
alloy for this behavior. They exhibited similar effects though not as
pronounced as the 74 percent W-26 percent Re alloy. We did not have
an opportunity to check the iridium and rhodium ion desorption data;
however, we believe the large scatter encountered for iridium is due
to a strong contamination effect of this type. The rhodium data did
exhibit deviations from the expected exponential decay.

Results for the ion desorption times are summarized
in Table 4 as the ion desorption energy Qp and the preexponential
Tpo occurring in Eq. 20. No values of Qp and Tpo are quoted for irid-
ium because of the previously mentioned scatter. Iridium ion desorp-

tion time was about 0.02 sec at 8500K.

TABLE 4
CESIUM ION DESORPTION ENERGIES AND TIMES

% "po
Material Reference (eV) (sec)
Iridium Present Work See text
Rhodium Present Work 3.25 £0.11 1.1 x 107
Tungsten Present Work 2.79 £0.09 3.3 x 10-17
| Ref. 19 3.60 4.0 x 10717
Ref. 20 2.04 1.1 x 10712
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Table 4 (contd)

Material Reference Qp Tpo
(eV) (sec)

10% W-90% Ta Present Work 3.24 + .11 1.9x107!8

74% W-267% Re Present Work 2.21+ .08 1.3x1073

The uncertainty in Qp was computed as a systematic
error in accordance with Appendix D. The method fails for t o because
of the large error which we estimate to be approximately *10 times the
appropriate exponential, hence individual uncertainties for Tpo are not
given. The number of points was not sufficient to make a meaningful
standard deviation computation.

3.4 Atom Desorption Time and Energy

The accumulation time required to reach a steady state cover-
age is a measure of the atom desorption time T,y Because of the con-
tamination effect described in the previous section, this approach was
not successful in obtaining reliable atom desorption times that could
be used to compute an atom desorption energy according to
R +Qa/kT’

T (21)

a  ao
which is of the same form as Eq. 20 and which is derived in the same

way. Table 5 below shows that the atom desorption time is several to
many orders of magnitude larger than the ion desorption time.

TABLE 5
CESIUM DESORPTION TIMES AT 1,0000K

Tp Ta
measured measured from t_, B

Material (sec) (sec) (sec)
Iridium 0.002 - 0.06
Rhodium 0.0027 - 0.73
Tungsten 0.0040 72 40
107 W-90% Ta 0.040 150 130
74% W-26% Re 0.017 60-168 57

1
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Measured values refer to those obtained directly by either the Modulated
Beam or the Alternating Field Method. The last column of Table 5 is atom
desorption time obtained from the ion desorption time and the ionization

efficiency by

T 0= 8 T
a 1-8p

which comes from Eqs. 4 and 5 and from the definition of 8. Measured

(22)

values (Subsection 3.5) were used for B. Table 5 also shows that the
two values of T obtained by different methods agree for a given
material within a factor of two.

We use the conservation of energy equation

Q, - Qp =¢ -V, (23)

to evaluate Q- If .o is the effective work function of Table 2 and
the values of Table 4 are used for Qp, then, using 3.893 eV as the

ionization potential for cesium®!, we have the Qa of Table 6.

TABLE 6
CESIUM ATOM DESORPTION ENERGY

Material Reference Qa
(eV)

Rhodium Present Work 4.3
Tungsten Present Work 3.6
Ref. 16 2.83

107W-90% Ta Present Work 3.6
747W-267. Re Present Work 2.9

3.5 Ionization Efficiency

The ionization efficiency B is defined as the ratio of the
number of ions from an ionizing surface to the number of atoms sup-

plied, i.e.,

= (24)

W
!
I:}Ud

[
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There are several ways to measure P for a material. Simplest in
principle is to direct two identical beams, one of which goes to

the sample wire, the other to a wire of known 100 percent efficiency.
The two resulting ion currents are collected, measured, and their
ratio taken to obtain B. This method works well when the incident
beams are indeed identical, but more important, when the cesium
background flux to the wire is also negligible compared to the beam
flux. Since this was seldom the case, another method was used to ob-
tain most of the B values.

In the alternating field method discussed earlier, if one
allows the coverage to reach a steady state value before changing the
polarity, one has a way of measuring B. Suppose OO represents the
steady state coverage in the ion repelling mode up to time t = 0.

Let the field polarity be changed to the ion collecting mode at t = O,

then the coverage o(t) will decrease to a new steady state value, which

we call o_. In the ion repelling mode particles can only 1leave the

filament as neutrals, hence the atom flux off' equals the atom flux

‘on' or

o o -Q_/kT
=2 _- 9 a
by =T - e | (25)
a ao

For the ion collecting mode both atoms and ions can leave the fila-

ment surface so that atom flux 'on' equals atom and ion flux 'off'

or
-Q_/kT -Q /KT
=0 (& + = ? (26)
Ma 7% L g T )
ao po

Eliminating Wy between Eqs. 25 and 26 results in

o) T - kT
0 _ 1+ ~ao e (QP -Qa)/ 27)
o T
< po
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Then using Eqs. 20, 21, and

T @
40 _ _P (28)
TpO u,)a
we have that
— =1+ e
o w
© a
Consequently B, with the aid of Eqs. 11 and 29, becomes
o -0
1 o ©
B = 1+o0 7o : (30)
) o
o _-C
[+
Then using Eq. 12 the expression for the ionization efficiency is
expressed in the useful form
Io - ;w
o

Thus to measure B the coverage is allowed to reach steady state with
the collector in the positive mode. The collector polarity is
switched to negative and the peak amplitude Io is noted on an os-
cilloscope or fast recorder. I is the resulting steady state cur-
rent in the negative collector mode. The ionization efficiency for
iridium and rhodium had the most pronounced temperature dependence
of all the samples, hence are presented in Fig. 6 and 7 respectively.
The other samples had efficiencies that were nearly constant.

Table 7 lists the values of B obtained by direct measure-
ment and two indirect methods of independent calculation. The

measured values for tantalum and rhenium were obtained by dividing
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their Ip by that from the tungsten wire, before the background
cesium flux became an appreciable fraction of the beam flux. Values
for iridium, rhodium, tungsten, and the two alloys were obtained by
the alternating field method, in which the level of the background

flux is immaterial.

The first method of computation uses the desorption times

of Tables 4 and 5 in the equation

1
B=l—+-zw, (32)

which follows from the definition of B and Eqs. 4 and 5. The

second method makes use of the relation

_ 1
T 1+ 2 exp [(Cp-vi)/kﬂ (33)

that results from the definition of B and the Saha-Langmuir equation

(Eq. 11) for cesium. v, is the ionization potential, again 3.893eV,

and. p is the work function. The value of B in Table 7 is calculated
for both Richardson and effective work functions, Tables 1 and 2

respectively.

TABLE 7

CESIUM IONIZATION EFFICIENCY FOR VARIOUS
REFRACTORY MATERIALS AT 1000°K

Material Reference Measured Computed Computed Computed
s ,T L .
RO NI
Iridium Present Work 972 96 97
Rhenium Present Work 102+2 100 100
Rhodium Present Work 99.63:.10 100 100
Tantalum Present Work 87+2 87 96
Tungsten Present Work 99.99:.10 99.995 100 1C0
Ref. 3 100
1074 -907Ta Present Work 99.97+.10 99.973 99 100
7474 -267Re Present Work 99.97+.10 99.972-99.990 100 100

/.7&1._1:‘1'r\n1
S/iCLT Al

N
<




The error for the measured B in the case of rhodium, tungsten and
the alloys is a systematic error, whose evaluation can be found in
Appendix D. In this instance the systematic error is 0.10 percent
versus a 0.05 percent random error. For irridium the random error
was much larger, hence this is the error reported. The larger
random error for iridium is believed to be one consequence of the
contamination effect mentioned in Subsection 3.3.4. Incidentally,
our measured B of 97 percent for iridium is consistent with our
measured work function, 4.22 or 4.24 eV (Table 1 or 2), and not with
the literature values, 5.48 or 5.3 eV,

In the case of the tungsten-rhenium sample, increasing the
accumulation time from 2 minutes to the 1C minutes required to reach
a steady state coverage increased the B from 99.983 percent to
99.987 percent. This difference is much less than the systematic
error, 0.100 percent. Since the time to reach a steady state
coverage increases with decreasing temperature, the error due to
a nonuniform coverage would increase. However, the change would

be still much less than the systematic error.
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4, CONCLUSION

A cesium beam experiment was conducted to study adsorption and
desorption of cesium from the refractory materials iridium, rhenium,
rhodium, tantalum, tungsten, 10 percent tungsten-90 percent tantalum,
and 74 percent tungsten-26 percent rhenium. For these materials,
electron work functions, critical temperatures, ion and atom adsorp-
tion lifetimes, ion and atom desorption energies, and ionization ef-
ficiencies were obtained. The data were taken under conditions of
ultrahigh vacuum, 10-9 torr and lower. A residual gas analyzer was
used to monitor the background gases and assess their composition.
Critical temperatures by the beam technique were not as well defined
as one might desire. However, further study is warranted before the
technique is rejected for such high coverage phenomena. For low
coverage phenomena, the suitability of the beam technique was well
established both here and elsewhere.

The results are summarized in terms of three parameters that were
evaluated. 1In each case, the more desirable materials are given first.
The most important parameters for surface ionization engines are criti-
cal temperature and neutral fraction. The study indicated the order

of increasing critical temperature to be

Ir < Rh < Re, W< Alloys < Ta

and the order of decreasing work function to be

Rh > Re > W > W-Re > W-Ta > Ir > Ta.
When ordered as to decreasing ionization efficiency B,

Re > W > Alloys > Rh > Ir > Ta.
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In dealing with high-efficiency materials, it is often more convenient

to speak of the neutral fraction o. Since o+ B = 1, the last inequal-

ity is also in the order of increasing neutral fraction.

Four conclusions are deduced from the above inequalities:

The work function obtained for our iridium sample disagrees
with values obtained by other investigators; however, it is

consistent with the measured ionization efficiency.
Rhenium is better than tungsten as an ionizer material.

Rhodium is better than tungsten as an ionizer material. It
has a lower critical temperature (7400K) than rhenium, a
higher effective work function (4.98 eV), and a high ioniza-
tion efficiency (99.63 percent). From its work function
value and by Eq. 33, nearly 100-percent efficiency was ex-
pected. However, in our opinion 100-percent efficiency was
not obtained, because rhodium is more susceptible to gas
contamination than rhenium or tungsten. Consistent with
this conclusion was the fact that the curves, corresponding
to Fig. 5, deviated much more from the expected exponential

decay for rhodium than for rhenium or tungsten.

Whether or not, or how much, cesium surface ionization on
rhodium is sensitive to gas contamination is a point worth
pursuing. This is especially true if one desires to make
use of rhodium's low critical temperature for lower power
requirements than those for tungsten. Thus, we also recom-
mend that the effects of gas contamination on cesium surface

ionization be considered for future studies.
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APPENDIX A
VACUUM CONDITIONING PROCEDURE

The procedure finally adopted as being the most successful for
removing unwanted cesium from the vacuum chamber was to bake the system
and liquid nitrogen trap to 150°¢ overnight while keeping the diffusion
pump and foreline warm, and to pump with only the mechanical pump
through the cold foreline trap, which collects the cesium for disposal.
The chamber was then opened to change specimens. Ultrahigh vacuum was
obtained by baking the liquid nitrogen trap and vacuum chamber to 150°¢
overnight while pumping with just the mechanical pump, then adding
liquid nitrogen to the trap, after which the diffusion pump was started.
The vacuum chamber was baked for another day before it was allowed to
cool to room temperature. After several subsequent days of pumping,

the vacuum chamber reached the 10-10 torr region.
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APPENDIX B
RESIDUAL BACKGROUND GAS DETERMINATION

Base total pressure at the time of electron emission was about
1 x 10-9 torr or less. Using a General Electric residual gas analyzer,
the mass spectra of Figs. B-1 and B-2 were obtained. It is evident
that the major constitutents of this background gas are diatomic hydrogen,
water, carbon monoxide, or diatomic nitrogen. A thorough quantitative
analysis requires a calibration of the mass spectrometer by introducing
known quantities of various known gases into the spectrometer tube.
This is necessary because most polyatomic gases fragment under electrom
bombardment , giving rise to a '"cracking pattern'" for that particular
gas. Furthermore, this cracking pattern is, to a certain extent,
dependent upon pressure and filament temperature.

After the electron emission measurements, the ampule supplying
cesium to the chamber was broken. For the three runs made, the pres-

8 t0 1077 torr with

sure surges on breaking the ampule varied from 10”
increases in the 14, 15, 16, and 28 peaks. From two of these three
ampules there were also smaller increases in the 26 to 30 mass range
and 37 to 44 mass range. For the other ampule, large peaks occurred
at 20, 39, or 40 and 44. All the ampules were vacuum packed by the
Dow Chemical Company and certified 99.97 percent pure. Nevertheless,
after a period of pumping which varied from a day to several days, the

residual background vacuum returned to the low 10“10 torr range and

mass spectra similar to Figs. B-1 and B-2 were again obtained.
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APPENDIX C
TEMPERATURE CALIBRATION

A Pyro Micro-Optical pyrometer was used to measure the filament surface
temperature. Correcting for light absorption of the view portea; this
brightness temperature was then related to the desired bulk or true
temperature of the filament by the expression

S = T (L+0.0452x 107 T Ine,), T < 10* % (c-1)
which is the Wien's radiation law solved for the brightness temperature
S. € is the spectral emissivity, which, because of the filter in
the optical pyrometer, should be at 0.65 micron wavelength. Table C-I
lists the values of €. at 0.65 micron wavelength used for various

A

materials, except for tantalum. In the case of tantalum only €\
values at 0.66 micron wavelength were found in the literature. We

estimate, however, that the error in using ¢ instead of ¢

0.66u 0.65u
amounts to about 0.0l in € or 27°K difference in the temperature at
3,000°K.

No values of emissivity were available for the 10 percent tungsten-
90 percent tantalum alloy. Because of the many similarities in prop-
erties of tantalum to tungsten, the tungsten calibration curve was

used as an estimate for this alloy.
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TABLE C-1
BRIGHTNESS VERSUS TRUE TEMPERATURE

Material Reference Trus Temp . 0.65u Obserged Temp*
(X) (K)
Iridium Ref. 8 1000 0.411 958
1500 0.389 1394
2000 0.370 1805
2500 0.354 2195
Rhenium Ref. 23 1000 0.432 958
1500 0.423 1401
2000 0.414 1825
2500 0.405 2223
3000 0.395 2581
Rhodium Ref. 24 1000 0.272 939
1200 0.236 1103
1400 0.206 1256
1600 0.182 1393
1800 0.165 1526
Tantalum Ref. 25, 26 1000 0.459 963
(0.661) 1500 0.438 1408
2000 0.419 1828
2500 0.401 2218
3000 0.385 2578
Tungsten Ref. 27 1000 0.458 963
1500 0.448 1411
2000 0.438 1843
2500 0.428 2256
3000 0.418 2648
3500 0.408 3336
10 percent W-90 percent Ta See text
74 percent W-26 percent Re 1000 0.627 990
Ref. 28 1200 0.617 1170
1400 0.605 1355
1600 0.595 1535
1800 0.587 1720
2000 0.578 1900

*Corrected for light attenuation by a plane window.
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APPENDIX D
ESTIMATE OF SYSTEMATIC ERRORS

In order to make a simple estimate of the systematic errors, the
technique of linear addition of partial differentials is employed.

For example, to estimate the systematic error in the true tempera-
ture T because of inaccuracies in the emissivity € or the pyrometer

temperature S, consider Wein's radiation law

)
A

Hil=
1
w =

(

In € =

N ). | (D-1)

Solving for T, we have

CZS

AS 1In ek + C2

[ |

. (D-2)

Then compute AT/T for variations in S and €, s to find that

oL _ 4S Ao B8 L€ -
T = 3 + T Cz ( S 1n ex + - ), (D-3)
into which was substituted 02 = 14,380 micron degrees and A = 0.65 mi-

crons. The maximum temperature of interest 1is 2,100°K and the Pyro Micro-
Optical pyrometer is accurate to 1 percent. We expect Ac/c to have
been no greater than 10 percent and in most cases less. The resulting
AT/T is about 2 percent.

The systematic error in w** is found by taking partial differen-
tials of I, a, and T for Eq. 1, where we have set J = I/a, a being the
area of the filament that the collector sees and I the collector cur-

rent as read by a meter. The result is

*%
Lo = AT AL | fa | 24T -
’D** T +kT(I +a + T ) . (D4)
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The current meter used has a 4 percent error and NAa/a is approximately
10 percent maximum, hence for a 10 percent error in emissivity, we

*k Kk
have a 2.7 percent error in Ixp /. The maximum temperature is as

before.
To find the systematic error in Qp of Eq. 20, take partial dif-

ferentials of T and Tp, i.e.

AQ At
—p _ 4T, Q + kT —E (D-5)
Q, T P o

The maximum Q_measured was 3.25 eV for temperatures up to about
l,OOOOK. Abose this temperature the data were not included for evalua-
tion of the slope to find Qp. The oscilloscope is 3 percent accurate,
hence one might have a maximum error of 12 percent in determining Tp
from the trace (2 measurements of length). The result is 0.34 percent
error for AQP/QP.

The systematic error in 8, as determined by the alternating field
method, is evaluated by taking partial differentials of Io and IGD in

Eq. 31. The result is

(AI_/1) - (AT_/T.)
ajr) - 1

(D-6)

88
B

Since Io is an oscilloscope trace, AIO/Io is 6 percent. I is read
from a Keithley 600A electrometer, having a 4 percent calibration.

For tungsten and the two alloys, we found IO/IOO to be a minimum of 100
for the range of temperature used to evaluate 2 and Qp’ hence AB/B is
0.1 percent for these three materials. Iridium had a IO/Im of 50,

hence its systematic error in AB/B was 0.2 percent.
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APPENDIX E
CHEMICAL ANALYSIS

In most cases it was neither practical nor possible to obtain a
quantitative spectroanalysis of the wire specimens. Consequently,
except for the 10 percent tungsten-90 percent tantalum specimen, all
are semiquantitative analyses of the pretreated wire in Table E-I.
Since a semiquantitative analysis is not sufficiently sensitive to
reveal differences between the pretreated and treated wire, no analyses

were performed on the treated wire.
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TABLE E-I

SPECTROGRAPHIC ANALYSIS

Iridium wire (Ir)

Iridium - remainder
Copper- 0.000647,
Calcium- trace
less than 0.0002
Rhodium- 0.058
Platium- 0.024
Other elements- nil

Rhodium wire (Rh)

Rhodium- remainder
Calcium-~ 0.0017%
Copper- 0.00060
Iron- 0.07¢C
Boron- 0.032
Chromium 0.0068
Other elements- nil

Tungsten wire (W)

Tungsten- remainder

Silicon- 0.017%

Magnesium- trace
less than 0.0003

Iron~ trace
less than 0.006

Copper- 0.0011

Calcium~ trace
less than C.0004

Other elements- nil

107, Tungsten-907% Tantalum

c 2C ppm
H 5 ppm
0 640 ppm
Cb 800 ppm
Fe 5C ppm
Mo . 50 ppm
Si 50 ppm
Ca 10 ppm

Al less than 10 ppm

4761 -Final

Ni
Ti
Zr
Cr
Mg
Mn
\Y

Sn
W

Rhenium wire (Re)

Rhenium-
Calcium-
less
Iron-
Silicon-

remainder
trace
than 0.0005%
0.0072
0.012

Other elements- nil

Tan

talum wire (Ta)

Tantalum-
Silicon-
Copper-

remainder
0.0070%
0.0032

Other elements- nil

74% Tungs

ten-267% Rhenium

Tungsten- remainder
Rhenium- 32.% *
Calcium- trace
less than 0.0004
Silicon- not detected
less than 0.009
Magnesium=- trace
less than 0.0003
Copper- 0.00076

Other elements- nil

less than
less than
less than
less than
less than
less than
less than
less than

1C0.1%

Tantalum balance
*Ma jor constituents are only approximate in a semiquantitative analysis.

10 ppm
1C ppm
10 ppm
10 ppm
10 ppm
10 ppm
10 ppm
50 ppm
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